This paper presents a method for calculating eddy current loss in a permanent magnet (PM) of a surface permanent magnet (SPM) motor based on electric and magnetic networks. First, a reluctance network analysis (RNA) model of the SPM motor and coupling between the RNA model and electric network model are described. Then, the eddy current loss in the magnet of the SPM motor from no load to full load current conditions including and excluding carrier harmonics are calculated by the proposed model. Finally, it is demonstrated that the RNA model can be taken the effect of division of the magnet into consideration to reduce the eddy current loss in the magnet.
Introduction
In recent years, design and analysis of permanent magnet (PM) motors considering magnetic nonlinearity and eddy current loss in rare-earth magnet becomes important since the working flux density of the PM motors tends to be high due to high power-to-weight ratio, and the PM motors are driven by a PWM inverter with high frequency switching.
The most conventional optimum design for PM motors is shape optimization by finite element analysis (FEA). However, to calculate the eddy current loss in the magnet, three-dimensional (3-D) FEA should be used and it takes much time to obtain the calculation results in general. Therefore, more practical solution for the PM motor analysis in reasonable time with high accuracy is strongly required.
Reluctance network analysis (RNA) can be useful for saving calculation time to estimate characteristics of PM motors. It can be taken into account the magnetic saturation and the rotor motion 1)-6) .
In previous papers, we have proposed a method for calculating characteristics of PM motors based on RNA 1)-3) . The proposed RNA model of the PM motor can be coupled with the motor drive circuit and mechanical system. Using the proposed model, iron loss in the stator core of the PM motor was calculated accurately 2) . In addition, eddy current loss in permanent magnets of a surface permanent magnet (SPM) motor can be calculated by coupling with an electric network model of the magnet 7) . However, the eddy current loss in the magnets caused by carrier harmonics was not discussed.
This paper describes a method for calculating the eddy current loss of the magnet including carrier harmonics based on RNA. In order to prove the validity of the proposed model, calculated values are compared with ones obtained from the 3-D FEA. The eddy current loss in the magnets is increasing when the PM motor is driven by PWM inverter because the magnets are exposed by carrier harmonics due to high frequency switching. Therefore, in this study, the eddy current loss in the magnets caused by the carrier harmonics is evaluated based on RNA. Eddy current loss in the magnets of the SPM motor can be calculated by the RNA model and electric network model 7) . In this section, the RNA of the SPM motor and the electric network model for calculating the eddy current loss are mentioned.
Analysis model of SPM motor

RNA model of SPM motor
The SPM motor is divided into multiple elements taking into consideration the motor shapes and flux flow. Since the flux flowing through the SPM motor is uniform distribution in the axial direction, the RNA model is not divided in the axial length. Thus, each divided element is expressed in a two-dimensional (2-D) unit magnetic circuit. Fig. 2 shows a part of RNA model. Each element in air gap is divided in one degree intervals in circumferential direction and the magnets are divided into three in radial direction as shown in the figure. Fig. 3 (a) shows an example of a conductor which is divided into multiple elements. Each divided element is expressed in electric resistances and electromotive forces (EMFs). By connecting the electric resistances and EMFs of all branches together, an electric network model for calculating the eddy current can be obtained as shown in Fig. 3(b) .
Electric network model
The resistances in the x-axis direction RX and in the z-axis direction RZ in each element are obtained
where is the resistivity, X is the element length in the x-axis direction, Z is the element length in the z-axis direction and Y is the conductor thickness.
The EMF is induced when the flux passing through the element changes with time based on Faraday's law.
The EMF of the k th element is given by
where the flux density of the k th element is Byk.
If equipotential lines in the conductor can be expressed in radial lines as shown in Fig. 4 , the potential difference VAB between node A and node B in the figure is expressed by
where A is the angle between the reference line and the equipotential line passing through node A, and B is the angle between the reference line and the equipotential line passing through node B.
Thus, the induced voltage in the j th branch, which is produced by Byk flowing through the k th element, is obtained from
where kj is the angle between the equipotential lines passing through the both ends of the j th branch (in the case of Fig. 4, kj = B -A) .
The induced voltage of each branch can be calculated from the summation of the induced voltages caused by the flux flowing through all elements.
Therefore, the induced voltage on each branch Vj is where K is the number of elements. Fig. 5 shows the shape and division of one pole of the magnet to derive the electric network model for calculating the eddy current loss. In the figure, the magnet is divided into three in the radial direction, 36 in the circumferential direction, respectively. In the axial direction, the magnet is divided into four.
Eddy current loss estimation in PM of SPM motor
The eddy current loss in the magnet taking account of the carrier harmonics are calculated by the proposed model and compared with 3-D FEA results.
Carrier frequency characteristics
The eddy current loss in the magnet corresponding to various carrier frequencies is calculated to investigate the influence of the carrier harmonics.
To take into account the carrier harmonics, triangular waves are added to the sinusoidal waves. Fig. 6 shows phase current including carrier harmonics. Frequency and amplitude of the triangular wave are 4.5 kHz and 0.5 A, respectively while the fundamental frequency is 250 Hz. Fig. 7 provides the carrier frequency versus eddy current loss in one pole of the magnet at an input current amplitude of 5 A. In this figure, the calculated value of 0 kHz is obtained when the input current is sinusoidal. It is understood that the eddy current loss in the magnets increases in proportion to the carrier frequency. Moreover, the difference between the proposed model and 3-D FEA becomes larger as the carrier frequency increases, since the proposed model does not take the magnetic reaction field caused by the eddy current into account yet. Fig. 8 shows the relationship between the eddy current loss in one pole of the magnet and phase current. As shown in this figure, the calculated values obtained from the proposed model exhibits good matches with the ones obtained from 3-D FEA when the SPM motor is driven by the ideal sinusoidal current. The eddy current loss becomes about three times larger at a rated phase current of 5 A when the carrier harmonics is added to the phase current. Thus, it is clarified the carrier harmonics cause eddy current loss increase in the magnet of the SPM motor.
Effect of magnet division
For a countermeasure against the eddy current loss, it is effective to divide the magnet into several pieces. Fig. 9 shows the relationship between the number of magnet divisions and the eddy current loss in the magnets at a phase current of 5 A with 4.5 kHz carrier frequency. The magnets are divided in the axial direction. It is clear that the eddy current loss in the magnet can be reduced by dividing the magnet. Fig. 10 shows the eddy current density distribution obtained from the proposed model. As shown in this figure, the eddy current density at the edge of the magnets can be reduced as the number of divisions increase. Fig. 10 Eddy current density distribution in the magnet obtained from the proposed model. Table 1 gives the comparison of the calculation time and the number of elements between the RNA model and 3-D FEA model. The calculation time to obtain the eddy current loss at full load condition by RNA is 20 minutes, while the 3-D FEA requires 8 hours for the same condition.
Conclusion
This paper presents a method for calculating eddy current loss in the permanent magnet of the SPM motor based on electric and magnetic networks. The proposed model can express the influence of the carrier harmonics and the effectiveness of division of the magnet to reduce the eddy current loss. It is conceivable that the difference between the proposed method and 3-D FEA becomes larger when the carrier harmonics is added to the phase current because the effect of the magnetic reaction field caused by the eddy current increases. Therefore, further studies will attempt to develop the RNA model considering the magnetic reaction field by using magnetic inductance in the RNA model 8) .
